Nanoindentation techniques have been used to determine the mechanical properties of two well characterised Pb 0.88 La 0.08 TiO 3 ferroelectric thin films which have been shown to be promising for MEMs applications. A ceramic with the same nominal composition and the substrate material were also tested as an aid in the interpretation of results. Test routines have been developed using the spherical indentation geometry to distinguish the elastic and permanent deformation of the materials. Mechanical data for different layers in the heterostructure could be determined by using indenters with different radii. The technique provides information on the elastic modulus of the film, the onset and nature of permanent deformation, film delamination and the effects of porosity and residual stress. These techniques open the possibility to characterise fully the mechanical response of a microdevice.
INTRODUCTION
Microelectromechanical systems (MEMs) are sensing and actuating devices in which the active element can be a ferroelectric thin film (1) . The design of these devices requires reliable mechanical properties for the film, which is usually assumed to be the same as that of bulk ceramics (2, 3) . However, directly measured values for the YoungÕs modulus of films are lacking. Although the development of MEMs involving ferroelectric films is in its early stages, their performance and reliability are becoming increasingly important. Elastic and permanent deformations induced during operation in the active and passive layers must be understood. Threshold stresses for ferroelastic domain reorientation in the film, which can lead to depolarisation phenomena, are also very important because they will determine the reproducibility of the performance and degradation of the device.
Nanoindentation is a powerful tool with high spatial resolution for mechanical characterisation of thin films (4, 5) . We present here results on the application of the technique to two well characterised Pb 0.88 La 0.08 TiO 3 (PTL) ferroelectric thin films with different structure and microstructure, which have been shown to present good ferroelectric (6) and piezoelectric properties (7) . A ceramic with the same nominal composition and the substrate material were also tested to aid us in the discussion of the results. The technique is shown to be very useful for the study of the mechanical properties, not only of the film but also of the substrate underneath.
EXPERIMENTAL PROCEDURES

Materials
The two PTL ferroelectric films were prepared by a diolbased sol-gel technique. Both were single phase films with nominal composition Pb 0.88 La 0.08 TiO 3 and the tetragonal perovskite structure. Films were prepared with 5 coatings of a precursor solution containing a 20 mole% excess of PbO on Pt/TiO 2 /Si-(100) substrates. The TiO 2 and Pt layers were 50 and 100 nm thick, respectively. The films were crystallised at 650 o C with heating rates of either 10 o C min -1 or more than 500 o C min -1 in a conventional furnance, the latter rate being obtained by direct insertion after pre-heating. We will refer to them hereinafter as films of type A and B, respectively. More details on the preparation can be found elsewhere (8,9). Some of the films structural and microstructural properties are listed in Table I . The values are taken from (6, 7, 9, 10 ). An in plane tensile stress exists in both types of film, which is ~100 MPa higher in the type B film than in the type A film (11) .
The ceramic with a nominal composition of Pb 0.88 La 0.08 (Ti 0.98 Mn 0.02 ) O 3 was prepared by the conventional oxide mixing technique (12) . Some of its structural and microstructural properties are also listed in Table I . No poling treatment was performed.
Mechanical characterisation
The mechanical behaviour of the materials was studied using a UMIS-2000 nanoindentation system. Two different spherical indenters with nominal radii of 2 and 7 µm were used. By increasing the sphere radius, the location of the maximum shear stress, h G mx , for a given indentation stress, P m , is shifted deeper into the thickness of the heterostructure (film plus substrate) under study. This allows the layer of the heterostructure to experience the highest stress to be selected, as it is illustrated for the PTL film type B in Figure 1 , in which h G mx is shown for different indentation stresses and for the two spherical indenters.
The basic measurement was a load, P, together with the sphere penetration into the heterostructure, h. Load cycles (loops) from zero to a given maximum load, P mx , and to zero again were recorded. The mechanical behaviour of a sample was obtained from the analysis of a set of consecutive loops at increasing maximum loads. One of these loops for the ceramic is shown in Figure 2a . The loop does not start at 0 penetration, but at a certain value, the remnant penetration, h r , because of the plastic deformation produced by the previous indentation. The first parameter that it is extracted from each loop is the penetration at the maximum load, h mx , as shown in Figure 2a . The unloading part of the loop was then analysed as follows: the penetration along the unloading step was plotted against P 2/3 . This dependence is expected for a purely elastic indentation by a sphere and, therefore, the unloading is assumed to be elastic. This means that the permanent deformation is not reversed on unloading (13) . The corresponding plot for the loop shown in Figure 2a is shown in Figure 2b . The linear fitting shown in Figure 2b was obtained with the first five points. The fitting is good up to 2/3 of the unloading, from where the experimental points deviate. This indicates that there was some recovery of the plastic deformation, or penetration relaxation, in the last part of the loop. By extrapolating the fitting to zero load, h p mx is calculated, and from it, the depth of penetration in contact with the sphere (depth of contact), h c , and the radius of the circle of contact, a, are obtained as explained in ref. 14. The latter magnitude allows to calculate the indentation stress, P m , defined as the average pressure across the circle of contact, and the indentation strain, a/R, where R is the the radius of the spherical indenter (15) . The difference between h p mx and the remnant penetration h r , is the relaxed penetration during unloading, h rx . The slope of the fitting provides the YoungÕs modulus of the sample.
RESULTS
The first observation was the presence of some delamination in the film type A. A typical loop for this film is shown in Figure 3 , in which a penetration of ~200 nm was observed as soon as the experiment began. The film coatings were not homogenous, and an area with less than five coatings existed, which did not show delamination. Results presented in this paper for this film correspond to the latter area. Changes of the film structure, microstructure and composition with the number of coatings are known to be not significant (6), therefore, large differences in the mechanical properties of films with different number of coatings are not expected.
The plastic penetration, h p mx as a function of the indentation stress with the 2 µm radius sphere is shown in Figure 4 for the different samples. The plastic penetration was negligible for the substrate material as compared with the films or the ceramic. For the ceramic and the thin films, plastic deformation began during the first loop of the series (first point in Figure 4 ), and increased with the maximum load. Film type A showed considerable greater plastic deformation than either film type B or the ceramic.
The indentation stress-strain curves with the 2 µm radius sphere are shown in Figure 5 for the different samples. The slope of the stress-strain curve was much lower for the film type A than for the film type B and the ceramic. The curve for both the film type B and the ceramic showed a change in slope or yield point at 5.6 and 5.4 GPa, respectively. This may indicate the onset of a new deformation mechanism, different to the one responsible for the deformation already occurring since the first loop (Figure 4 ). Stress-strain curves with the 7 µm radius sphere are also shown for the two films in Figure 5 .
The strain for a given load for the film type A is significantly reduced, and the apparent yield point for the film type B disappeared.
YoungÕs modulus, E, against the depth of contact with the 2 µm radius sphere is shown in Figure 6 for the different samples. Film type B and the ceramic indicated an elastic modulus, E, of ~132 GPa. For film type A the measured E was lower, 102 Gpa. Elastic gradients were not observed, and the scattering at low depth of contact was most probably due to small deviations of the sphere radius from the nominal value. The YoungÕs modulus with the 7 µm radius sphere is also shown in Figure 6 for the two films. Values obtained are close to those of the substrate, 140 GPa.
DISCUSSION
YoungÕs modulus results on the films with the two spheres clearly indicate that it is possible to obtain information from the different layers of the heterostructure by changing the radius of the sphere. Most of the indentation stress is applied to the ferroelectric film with the 2 µm radius sphere. Therefore, the elastic response of the system is dominated by the respon- se of the film, and the obtained YoungÕs modulus is that of the film (Figure 6 ). On the other hand, the maximum stress is shifted downwards with the 7 µm radius sphere (Figure 1) . Thus, the elastic response is then dominated by the substrate underneath, and its YoungÕs modulus is obtained (Figure 6 ). The comparison of stress-strain curves with the two spheres ( Figure 5 ) also allows to locate the layer in which a process is taking place. For instance, the large plastic deformation, as compared with other samples, occuring in film type A is really happening in the film and not in the substrate. The same occurs with the yield point in the stress-strain curve at 5.6 GPa in the film type B. Both features do not appear in the curve with the 7 µm radius sphere. This ability to select the layer under study opens the possibility of study fully the mechanical response of MEM microdevices.
Plastic deformation in the ferroelectric samples was observed to begin during the first loop and to reach values as high as 213 nm in the film type A and ~90 nm in the film type B and the ceramic (Figure 4) . Such high values cannot be related to 90 o domain reorientations but to another kind of mechanism. The fact that the process is much more significant in the film type A, which is known to be porous, suggests that it might be related to pore compaction (film densification). What might be related to domain reorientation is the apparent yield point observed in the ceramic and in the film type B at 5.4 and 5.6 Gpa, respectively. The higher value for the film could indicate some kind of domain clamping, most probably because of the presence of the in plane tensile stress in the film. The effect of the stress could be much more significant than it looks like according to the small difference in the apparent yield point, because the yield point is higher in the film in spite of having a tetragonal distortion 0.042 smaller than the ceramic, as indicated in Table I . The stress at which the apparent yield point appears is very high as compared to the stresses reported to induce ferroelastic domain reorientation in ceramics (16) . This could be because 5.4 GPa is an average pressure at the contact, and not the real value within the sample. Besides, it could be necessary to reach a threshold active volume (active means situation in which 90 o domain reorientation occurs) to have a measureble effect. However, this is a subject for further research.
The film type A is not only special because of undergoing massive plastic deformation most probably through compaction, but because it presents a YoungÕs modulus 23% lower than the one presented by the film type B and the ceramic ( Figure 6 ). This is probably related also to the presence of pores. This fact illustrates perfectly how dangerous it could be to rely on parameters derived from bulk ceramics in the design of MEMs.
CONCLUSIONS
We have applied nanoindentation techniques using spherical indenters to study the mechanical behaviour of ferroelectric films. The properties of the film and the underlying substrate could be distinguished by selecting the radius of the spherical indenter, which is particularly relevant for MEMs. Porous PTL ferroelectric thin films showed massive permanent deformation at relatively low indentation stress, and a YoungÕs modulus 23% lower than that of a ceramic with the same nominal composition. The behaviour of non porous films was very similar to that of the ceramic. Both showed a change in slope of the indentation stress-strain curve (yield point) at a specific indentation stress, which was higher for the film. This apparent yield point could be related to the onset of 90 o domain reorientation, and the higher value for the film, to some clamping effect linked to the presence of the in plane residual stress in the film. These results have clear implications for the design and characterisation of MEMs. 
